Introduction
Reactive oxygen species (ROS) induce several kinds of DNA damage, for example single-stranded breaks, double-stranded breaks, base modi®cations including apurinic and apyrimidic sites, and DNA-protein crosslinking (Dizdaroglu, 1991 (Dizdaroglu, , 1992 Halliwell and Aruoma, 1991) . Oxidative damage to cellular genomes has been proposed to have a role in cancer and aging (Akman et al., 1991; Basu et al., 1989; Feig et al., 1994; Loeb et al., 1988; Maccabee et al., 1994; Moriya et al., 1991; Tkeshelashvili et al., 1991; Weitzman and Gordon, 1990; Wood et al., 1990) . 8-Hydroxyguanine (8-OH-Gua) is a major form of oxidative DNA damage (Kasai and Nishimura, 1993; Umemura et al., 1990) , which induces mainly GC?TA transversions in Escherichia coli and mammalian cells (Cheng et al., 1992) . Fluctuations in the level of 8-OHGua in cellular DNA can be measured by HPLC-ECD (Floyd et al., 1986; Kasai, 1997) . However, the relationship between the induced DNA damage and mutation spectra has not been elucidated, because a suitable method for detecting damaged nucleotides in DNA in vivo has yet to be established.
Recently, ligation-mediated PCR (LM-PCR) has brought about a breakthrough in the detection of damaged nucleotides at the nucleotide level of resolution (Denissenko et al., 1996) . LM-PCR was initially developed for genomic sequencing, including the detection of CpG methylation sites, and also for in vivo footprinting Wold, 1989, 1991; Nomoto et al., 1995; Pfeifer et al., 1989) . It has since been applied to the analysis of nuclease cleavage sites, for example micrococcal nuclease or DNase I digestion for chromatin research (Kato et al., 2000) .
A renal carcinogen, ferric nitrilotriacetate (Fe-NTA), causes renal proximal tubular necrosis, as a consequence of ion-mediated peroxidation of the membrane lipids (Okada et al., 1987) , and ®nally leads to a high incidence of renal adenocarcinoma in rats (Ebina et al., 1986) . Oxidative DNA damage may be involved in Fe-NTA carcinogenesis because 8-OH-Gua levels are known to increase in kidney DNA after the administration of Fe-NTA to rats (Yamaguchi et al., 1996) . In the present study, we observed a time-dependent alteration in formamidopyrimidine-DNA glycosylase (Fpg)-cleaved signals, corresponding to 8-OH-Gua formation and repair, in exons 1 to 4 of the rat homologue of the E. coli endonuclease III, Nth 1 (Nuclease Three Homologue 1), gene. According to the concept of transcription-coupled repair (Chen et al., 1992; Denissenko et al., 1996; Mellon et al., 1987; Tu et al., 1997) , we analysed damaged nucleotides on the nontranscribed DNA strand, which is expected to be repaired relatively ineciently. The Nth 1 gene was organized in rat chromosome 10 (human chromosome 16), and formed a gene cluster with kidney diseaseassociated genes, Pkd 1 and Tsc 2 (Burn et al., 1996) . The Pkd 1 gene is a predisposing factor for polycystic kidney disease, and mutation of Tsc 2 causes tuberous sclerosis (GluÈ cksmann- Kuis et al., 1995; Kobayashi et al., 1999; Nellist et al., 1993) . Restricted formation of damaged nucleotides was also observed in these genes, especially in exons encoding the C-terminal portion of the molecules, polycistin and tuberin (data not shown). However, since mutations in the Nth 1 gene have not been elucidated, we analysed the distribution of oxidatively damaged nucleotides after administration of ferric nitrilotriacetate.
The protein segment encoded by exons 1 and 2, is unique to mammalian Nth 1, and contains nuclear and mitochondorial targeting signals and putative interacting sites for other repair components. The protein segment responsible for the bifunctional enzymatic activities, DNA glycosylase activity and AP lyase activity, is encoded by exons 3 to 6. To assess the molecular mechanism of the restricted formation of damaged nucleotides in exons 1 to 4, we analysed the chromatin structure of liver, kidney and spleen in control rats. The nucleosomes in exons 1 to 4 of the Nth 1 gene were highly accessible to MNase, especially in kidney. This observation might provide a clue as to the susceptibility to renal carcinogenesis.
Results
Regionally restricted formation of damaged nucleotides in the Nth 1 gene
The mammalian homologue of E. coli endonuclease III has been designated Nth 1, and the Nth 1 gene has been organized into six exons. But homology between mammals and E. coli is found from exon 3 to 6. Thus, exon 1 and exon 2 are unique to the mammalian gene. At ®rst, we analysed oxidatively damaged nucleotides on the nontranscribed strand in exon 5. Fpg-digested DNA was analysed by ligation-mediated PCR (LM-PCR). However, in this region we could not detect any marked cleavage signals derived from oxidatively damaged nucleotides, including the site corresponding to the active center Asp for AP Iyase activity, as shown in Figure 1c . Although the overall level of 8-OH-Gua (rat) . Nucleotide divergencies between mouse and rat Nth 1 gene sequences are denoted by reversed (®lled square) black letters. Deduced amino acid substitutions are also denoted by reversed (®lled square) black letters. The damaged nucleotides in the rat Nth 1 gene are designated in red; reversed (®lled square) red letters indicate damaged nucleotides detected on the non-transcribed strand, whereas squared red letters denote those detected on the transcribed strand. The underline in exon 1 shows a tentative mitochondrial targeting signal, whereas that in exon 2 indicates a putative nuclear localizing signal. The squared Lys in exon 4 denotes an active center of DNA glycosylase activity, whereas the squared Asp in exon 5 designates an active center of AP lyase activity within the whole genome had been reported previously to increase several-fold at 1 h, slightly decrease at 6 h, and then return to the control level at 24 h after Fe-NTA treatment (Yamaguchi et al., 1996) , the faint signals in Figure 1c did not show any time-dependent uctuations. In contrast, many Fpg-cleaved signals or piperidine-cleaved signals were detected in exon 1, as shown in Figure 1a . These signals showed typical timedependent alterations, corresponding to the time course of the overall formation and repair of 8-OH-Gua, as reported previously (Nomoto et al., 1999) . Signals of greater intensity and signal clustering were observed in the region between the transcription start site and the initiation codon. Major Fpg-cleaved signals, detected in exon 1, corresponded to guanine residues. The formation of damaged nucleotides was also observed in exon 3, as shown in Figure 1b . Half of the Fpg-cleaved signals corresponded to guanines. The rest corresponded to cytosine residues within the cytosine cluster sequence. Similarly, damaged nucleotides were formed on both strands in exon 2 and on the transcribed strand in exon 4 (data not shown). Major sites of damage to nucleotides are summarized in Figure 2 .
Organization of chromatin structures in the Nth 1 gene
To assess the molecular mechanism of the restricted localization of damaged nucleotides, we analysed chromatin structures in these regions. We prepared chromatin from untreated rat liver, kidney and spleen. After digestion of micrococcal nuclease, DNA fragments were extracted and puri®ed as described previously (Kato et al., 2000) . Digestion pro®les detected with EtBr staining of agarose gel were similar in the three tissues as shown in Figure 3 , although in spleen somewhat smeared bands were observed and a more advanced digestion was detected even at the lowest dose point (50 U/ml). A precise analysis of cleaved sites was performed with the LM-PCR technique. As shown in Figure 4 , many cleaved signals indicating high accessibility to micrococcal nuclease attack, were observed in exon 1 and exon 3 (Figure 4a ,b), whereas exon 5 had a limited accessibility (Figure 4c ). In exon 1, the most intense cleavage signals were observed at the lowest dose (50 U/ml) of micrococcal nuclease. The signals were distributed not only in the linker portion but also in the nucleosome portion. And some weak signals were seen even in the control (no micrococcal nuclease) lanes in all three tissues, as discussed later. The most pronounced feature was an extreme accessibility in kidney chromatin. At increased doses of micrococcal nuclease, the cleavage signals rapidly disappeared, because of a marked fragmentation to much smaller pieces. A similar kidney-speci®c fragmentation was observed in exon 3 though to a lesser extent ( Figure  4b ). Considerable amounts of cleavage signals were detected within the nucleosome portion, although too much signal made it dicult to estimate the linker and nucleosome portions. On the other hand, in exon 5, absolute signal intensities were extremely low, and the signals were estimated to be present mainly in the linker portion. These results suggested that the nucleosomes in exon 5 were organized in a latently rigid conformation. Although it was dicult to assess the¯uctuation in cleavage signals because of the extremely low signal intensity, kidney-speci®c fragmentation seemed to occur in exon 5. Thus, active or open nucleosome structures were observed in exon 1 and exon 3, but not exon 5. And an extremely reactive conformation of chromatin structure was observed in kidney compared with the other two tissues.
Discussion
The Nth 1, Tsc 2 and Pkd 1 genes are kidney diseaseassociated genes, and are organized in rat chromosome Figure 3 Ethidium bromide staining of micrococcal nuclease (MNase)-digested fragments. Chromatins prepared from liver, kidney and spleen were digested with MNase as indicated (U/ml), and after DNA extraction as described in Materials and methods, digested DNA fragments were electrophoresed on 1.5% agarose gel Figure 1a , piperidine-cleavable signals were clustered in exon 1. Such hot spot nucleotides seemed to receive not only Fe-NTAdependent base modi®cation(s) but also Fe-NTAindependent ones. Therefore, piperidine-cleavable Fe-NTA-independent modi®cations resulted in a high background level. Signals from damaged nucleotides were also con®rmed using formamidopyrimidine-DNA glycosylase (Fpg). In this case, a much more reduced background was obtained due to the relatively narrow speci®city of the Fpg enzyme. As described in the Results, a cluster of Fpg-cleavage signals were detected in the region between the transcriptional start site and initiation codon. Some weak cleavage signals were observed around this region even in the control samples of micrococcal nuclease digestion (Figure 4 ). This region would be highly fragile, and a preferred target of endogenous nuclease attack during chromatin preparation and the process of extraction followed by puri®cation of genomic DNA. Many Fpg-cleaved signals in exon 1 corresponded to guanine residues, whereas only half of those in exon 3 corresponded to guanine residues ( Figures 1a,b and 2 ). The rest of the signals in exon 3 corresponded to cytosine residues. The most feasible candidate of a Fpg-cleaved damaged cytosine would be 5-hydroxycytosine, and guanines, opposite this damaged cytosine tend also to be damaged, as demonstrated previously (Nomoto et al., 1999) . In contrast, many signals in exon 2 corresponded to cytosine residues (data not shown, Figure 2 ). Therefore, we analysed damaged nucleotides on the transcribed strand in exon 2, since some guanine residues opposite the damaged cytosine were actually damaged even on the transcribed strand. Although Tu et al. (1997) demonstrated that UVinduced cyclobutane pyrimidine dimers on the transcribed strand were eciently repaired by transcription-coupled repair, they also described that the strand dierence of damaged nucleotides was more pronounced at lower levels of genomic damage. Thus, the level of damage could be estimated from the nucleotide damage on the transcribed strand. In order to analyse the damaged nucleotides on the nontranscribed strand in exon 4, it is necessary to know the nucleotide sequence of the region between exon 4 and intron 4. However, intron 4 is the longest (2665 bp in mouse and 3328 bp in human) of the ®ve introns of the Nth 1 gene, and we could not amplify the PCR product between exon 4 and exon 5. Some repetitive motifs seemed to be scattered in intron 4. Since we could not analyse the damaged nucleotides on the nontranscribed strand in exon 4, we analysed the damaged nucleotides on the transcribed strand. The level of damage in exon 4 is comparable to that in exon 2 (data not shown). Thus, the boundary of the actual dierence in damage formation is thought to localize in intron 4.
The protein segment encoded by exons 1 and 2 is unique to mammalian Nth 1, and is suggested to contain nuclear and mitochondrial targeting signals and sites of interaction for other components of the repair system (Ikeda et al., 1998) . Recently, Klungland et al. (1999) demonstrated that XPG protein activated human and S. pombe Nth 1, and stimulated the binding of Nth 1 protein to lesion-containing DNA via indirect interaction between Nth 1 and XPG. No activation or stimulation by XPG was observed for E. coli Nth 1. Therefore, mutations in these regions might result in an abnormal intracellular localization of mutated Nth 1 protein or some disorder.
To assess the molecular mechanism behind the restricted formation of damaged nucleotides and better understand the susceptibility to renal carcinogenesis, we analysed the chromatin structure using micrococcal nuclease (MNase). Since active or open nucleosomes were preferentially attacked by MNase (Tata and Baker, 1978) , we compared the chromatin structure of three tissues including kidney. Although we have analysed chromatin structures in the promoter regions of many genes, in vivo nucleosome structures were routinely detected irrespective of transcriptional status. It is easy to assign the linker portion of the structure in a transcriptionally inactive nucleosome. Numerous nucleosomes within the genome are interpreted as being inactive, and cleaved by micrococcal nuclease (MNase) at the linker portion (McGhee and Felsenfeld, 1980) . Therefore, nucleosomal ladders can be recognized as shown in Figure 3 . Although the cleavage signal frequency per nucleosomal unit is much lower in inactive than active nucleosomes, most cleavage signals detected in inactive nucleosomes are speculated to be derived from cleavages in the linker portion of DNA, and are observed to have nucleosomal periodicity (ca 145 bp+approximately 40 bp). From a comparison of cleavage signals between transcriptionally inactive and active nucleosomes of the same gene in several cells which dier in transcriptional status, we found that the major signals observed at a low dose of MNase in active nucleosomes coincide, in position, with signals derived from the linker portion of inactive nucleosomes.
Cleaved signals in exons 1 and 3 were observed not only in the linker region but also in the nucleosome portion (Figure 4a,b) , although such signals in the nucleosome portion in exon 2 were relatively weak (data not shown). Conspicuous cleaved signals within the nucleosome portion were also observed in exon 4 (data not shown). Kidney-speci®c fragmentation was observed in both exons. Although the most active nucleosomes were not always found in kidney, kidneyspeci®c fragmentation was observed in all exons examined. The most feasible explanation for the fragmentation would be a weak attachment of chromatin to the nuclear scaold. It is suggested that the nucleosomes in exons 1 to 4 of the Nth 1 gene are highly accessible to MNase or hydroxy radicals, especially in kidney. Indeed, signal distributions of Fpg and MNase cleavage sites are quite similar (compare Figures 1a and 4a , side by side, and also Figures 1b and 4b, etc. ). But the nucleotide positions of these cleavage signals do not coincide, since the chemical characteristics of the hydroxy radical and MNase are dierent. On the other hand, we did not observe a marked dierence in the level of acetylation at histone H4 between kidney and liver or spleen in chromatin immunoprecipitation experiments at least using an antibody for tetraacetylated histone H4 (data not shown). In contrast to the cleavage signals in exons 1 to 4, the absolute intensities of micrococcal nuclease cleavage signals in exon 5 were quite low (1/15 the magnitude in exon 3, and 1/10 that in exon 1). The nucleosomes in exon 5 might be organized in a highly compact conformation or arranged in a deeper portion of the nuclei.
At present, we do not know the biological advantage of the segmentation or insulation of the chromatin structure within the gene. Using the same specimens of MNase digests, we analysed pyruvate kinase gene promoters. The red cell-type pyruvate kinase gene promoter and the liver-type pyruvate kinase gene promoter are organized tandemly, and their transcription initiation sites are located a distance of only 0.5 kb apart. The liver-type pyruvate kinase is expressed in the liver as the major isozyme, and in kidney as a minor isozyme (Noguchi et al., 1987) . Nucleosomes of the liver-type pyruvate kinase gene promoter were highly accessible to MNase in liver, relatively accessible in kidney, and inert in spleen. And kidney-speci®c fragmentation was not observed in this gene promoter. In contrast, nucleosomes of the red cell-type pyruvate kinase gene promoter were commonly inaccessible to MNase attack in liver, kidney and spleen (data not shown). Therefore, an insulator element of the chromatin structure might function between these two promoters, and play an important role in tissue-speci®c transcription. It thus appears that the insulation of the chromatin structure within the Nth 1 gene might have an unknown function. Further study of the actual link between mutations of exons 1 to 4 of the Nth 1 gene and renal carcinogenesis is needed.
Materials and methods

Animals
Six-week-old male Wistar rats were purchased from Seiwa Experimental Animal (Fukuoka, Japan). They were provided with commercial rat chow (Clea, Tokyo, Japan) and tap water ad libitum and were used after 4 days of acclimatization.
Chemicals and Fpg
Fe(NO 3 ) 3 , Na 2 NTA and the DNA Extractor WB Kit were purchased from Wako Biochemicals (Osaka, Japan). Piperidine and dimethylsulfate (DMS) were from Nacalai Tesque (Kyoto, Japan). The ferric nitriloacetate (Fe-NTA) solution was prepared immediately before use by the methods of Awai et al. (1979) , with slight modi®cation. Brie¯y, Fe(NO 3 ) 3 and Na 2 NTA were each dissolved in Milli-Q water and then mixed at a molar ratio of 1 : 4. The pH was adjusted to 7.4 with NaHCO 3 . Fpg was purchased from Trevigen (catalog no. 4040-100-01). Genomic DNA was digested with Fpg according to the manufacturer's instructions.
Fe-NTA treatment
A total of 30 animals were divided into Fe-NTA and control groups. In the Fe-NTA group, they were killed 1, 6, 24, 72 and 120 h after injection of Fe-NTA (15 mg Fe/kg body wt i.p.). In the control group, they were killed without any treatment. Each subgroup contained ®ve animals. The animals were killed under ether anesthesia. The kidneys were immediately removed and then used for the experiments. A part of the organ was frozen and kept at 7808C.
Ligation-mediated PCR (LM-PCR)
DNA was extracted from the rat kidneys (100 ± 200 mg) with the DNA extractor WB Kit according to the method of Nakae et al. (1995) . The extracted DNA was digested with Fpg as described above or cleaved with 1 M piperidine at 908C for 30 min (Maxam and Gilbert, 1977) . The Fpg enzyme recognizes formamidepyrimidines derived from adenine, guanine or 8-OH-Gua, and also some oxidized pyrimidine products, such as 5-hydroxycytosine and 5-hydroxyuracil (Tchou et al., 1994) . On the other hand, the chemical reagent piperidine is able to cleave many types of nucleotide derivatives including 8-OH-Gua and related compounds (Chung et al., 1992) , as well as several types of derivatives produced from Maxam and Gilbert's chemical reactions. As a control guanine ladder, an aliquot of genomic DNA from control animals was reacted with DMS and cleaved with piperidine as described above. LM-PCR was performed as described previously Nomoto et al., 1995) . Nucleotide positions of cleavage signals derived from LM-PCR products were determined from the control guanine ladder and sequence information on the rat Nth 1 gene.
Sequence information for rat Nth 1 cDNA only covers a 3' ± 329 bp fragment (GenBank H33255). The rat Nth 1 gene sequence, needed to design primers for LM-PCR, was obtained from rat genomic PCR products ampli®ed with primers based on nucleotide stretches conserved between mouse and human Nth 1 cDNAs (Aspinwall et al., 1997; Hilbert et al., 1997) . The nucleotide sequences of individual LM-PCR primers were as follows. For exon 1 of the Nth 1 gene: primer 1, 5'-gcctggagctaaagttccacg-3'; primer 2, 5'-cccctgcaggcgcagcg-3'; primer 3, 5'-ccctgcaggcgcagcgctacCTGC (Capital letters denote the sequence of the exon). For exon 3: primer 1, 5'-gtagtcagagatgcctgcctc-3'; primer 2, 5'-ctccagaacagtgccccctcttgg-3'; primer 3, 5'-ccagaacagtgccccctcttggttctgttgcc-3'. For exon 5: primer 1, 5'-cagcaggatacctctctccc-3'; primer 2, 5'-caccaagctacactacCTGGGTAGCC-3'; primer 3, 5'-ccaagctacactacCTGGGTAGCCACTCTTCCAGG-3'. Primers 1 and 2 were used for the ®rst-strand synthesis and PCR ampli®cation, respectively. Primers 3 were labeled at the 5'-end with g-32 P-ATP and used for ®nal detection of the ladder.
Micrococcal nuclease digestion
Chromatin fractions of liver, kidney and spleen from control rats were prepared as described (Gorsky et al., 1986; Goldhamer et al., 1995) . A chromatin suspension in digestion buer, 15 mM Tris-HCl (pH 7.5), 15 mM NaCl, 60 mM KCl, 1.5 mM DTT, 0.15 mM spermidine, 0.34 M sucrose, 0.1 mM PMSF, and 1 mM CaCl 2 , was digested at 208C for 5 min with serial dilutions of micrococcal nuclease (Worthington Biochemical Corp.). After DNA extraction as described above, the 5-ends of the MNase-cleaved sites were phosphorylated with T4 polynucleotide kinase and cold ATP (McPherson et al., 1993; Truss et al., 1995) . Electrophoresis of extracted DNA was carried out on a 1.5% agarose gel. The DNA samples were subjected to LM-PCR as described above.
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